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is work descridbes ea investigetion of effect
nangenese-beering dispersoid particles oa the frecture characteristics
of peek aged Al-Mg-S{ slloys.

Current elestic end elestic-plestic frecture toughaness pareseters
ere reviewved. The epplicedility of cthese paremeters as criterie for
the onset of crack extension end their verietioam with alloy
microstructure ae examined based on experimentel results for a series
of elloys conteining differing vclume frections of dispersoid. High
purity elloys were used to isolete the effect of dispersoids from that
of coarse coastituent psrticles. Also, for comparison, one elloy of
commerciel purity coateining both dispersoids end cosrse {iron-beering
inclusions wee etudied.

The ductile frecture tm”. ch end the resietence to
instebility as wmeesured by the teering -&lu. T, were found to
increese with dispersoid content. The velues of these paremseter> were
lowver in the commerciel purity elloy theam for the equivaleat high
purity elloy.

The effect of en ({ncreesingly triexiel stress stete omn fracture
etrein wee meesured using e series of notched rensile speclmens. The
elloy ductility wes found to (increese with dispersoid content snd to
decreese with increesed stress triaxielity.

Creck tip plastic zone sizes on the aidplene of compact tension
specisens were wmeesured using the SEM electron channelling pattern
technique. Zone size wes found to correlete with the squere of the
epplied stress intensity factor. The constent of proportionelity
decreesed vith increesing dispersoid conteat. The calculeted work per
unit erea of new crack surfece s found to correspoad to the ductile
frecture toughness mseasured for eech elloy.

These results asre explained in b‘- of the effect of slip
distribution on the dosinsnt micromechanises of creck extension. The
strese snd strein distributione in the plastic sone ere then releted
to the sicrosechanisms of creck exteneion uilng @ semi-cohesive sone
sodel of the creck tip region.
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He that has a “spirit of detatil”™ wiil do better in life than
asny who figured beyond him in the university. Such an one
is minute and particular. He adjusts trifles; and these
trifles compose most of the business and happiness of 1ife.
‘ Great events happen seldoa, and sffect few; trifles happen
every mosent t> everybody, and though one occurrence of thes
adds little to the happiness or misery of life, yet the sus

cotal of their continual repetition {a of the highest

consequence.

(‘ - Deaiel Webster 1
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FRACTURE MECAANICS AND FRACTURE MICROMECHANISMS [N ALUMINIUM ALLOYS

1.1 lmtreduction

“It should be noted that there ere two extreme epproaches to
the frecture probles. The first seeks to avoid sa far es
possible any discussion of the physical processes occurring
at the creck tip and looks for one or wore charscterizing
perameters whose criticel vslue, wesssured 1in the ctestiug
leboretory, camn be used te essess the safety of the
structure, The secord spproech puts wsore esphssis on
feproving cur astural knowiedge of frecture, 1m the belief
thet this will ultimately lesd to s greater contrel of f{t.
Cleerly, despite the pressing demsnds on the engineer for
immediate decisions, both approeches must be pursued, oot
least because changes im the physical processes of fracture
can elter the charecterizing parseeters coasiderebly.

Rowever, there are sowme half-vay houses betwveen these
tvo extremses. One 1s to meke & very sisple theory aand to try
to back up the predictions with empirical results.”

B.A. Bilby (19€1)

Professor Bilby s stetesent cleerly expresses the dual strategles
of the preseant vork: to consider the fracture process from both the
macroscopic and micrescopic points of view. The macroscopic appreoach
seeks to deteraine the large scele parameters that coatrel creck
extension, while the micromechanistic approach seeka to clarify che
effect of microstructure on frecture. To obteir s better understending
of the ways the wmicrostructure of aslloys can be sltered te improve
their resistance to fracture is tbe objective of both approaches.

Chapter One of this thesis first examines the ascroscopic
spproach to the charscterization of crack extension; creck extension

eriteris that have evolved {coa tha fleld of fracture aschanics sre




briefly reviewed Next, the effect of m=material sicrostructure om
sicromechanises of crsck exteasion, slip iistribution and crack tip
plastic zone processes is considered. Finally, the specific research
undertaken to clarify the relationship between sicroscoplic crack tip
deformation aend macroscopic material cheracterizing parameters ia

presented.

1.2 Fracture Mechanics

Fracture iaplies the separation of a cospoacent iato two or sore
pleces, regardless of vhethec or ast that cospoaent contains {aftial
flaws or cracks. [f the component contains an initisl crack, then
crack extenaion becoses the first scage of the process ultimately
leading to fracture. Ia britr material, the crack =may propagate
rapidly once it has bdegun to extend so that the componeant fractures
catastrophically, 1.e. by unstable crack gropagation. However, if the
material {is velatively ductile, {ts greater resfstance to initial
erack extension may perait the crtack to propagate in a slow, stable
manser. Such resistances to both {nitial creack extension and
subsequent crack propagation are {mportant considerstions vhen
selecting s material for many design applications.

Practure wechanics, developed as a method to analyze structures
contalaing cracka,is something of a misnomer since the crack does not
necessarily lead to fracture. Nevertheless, fracture wmechanics has
contributed greatly to the effective design of structural components,

perticularly ia knowledge of the stresses in a body near & crack tip.
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1.2.1 Formuletion of Creck Tip Zquations

Lineer elestic fracture mechanics (LEFM) is based on an tdeel,
elestic soltd (i.e., one that {s homogeneous, {sotropic aud obeys
Hooke’s Law) coaforming to the contisuuas wmechenics reletion for
stresses end streins. Thus LEFM relations for the stresses end streins
in a2 body containing a creck wmust setisfy the requireseants {or
equilibrium of stresses, compatibility of strains end the boundery
conditions of the creck geomecry. Because several authors have
adequately presented the development of these equetions, facluding
Broek (1978), Knott (1973) end Perker (1981), the subject vwill only be
briefly revieved here.

The objective of the LEFM enalysis s to obtein expressions,
satisfying the conditions mseationed ebove, for the stresses {n a body
conteining 2 creck im terms of the loads end the geometry. For the
axis system shown fn fig. 1.1, these expressions can be obteined by
cons{during oaly stresses in the X-Y plane, and then exteanding this
initiel result iato three dimensfons. Afry (1862) wes the first to
demonstrete thet s stcess function ¢ can exist wvhich gives the

stresses es follows:

.n -3 ‘.




‘t can be shown (e.g., Broek, 1378) that the Afiry stress fuanctiosa
¢ sstifies the equilibrium and continuity requirements. However, the
problex then becomss one of deriving a fun~iion ¢ that also satisfies
the boundary condicions. Westergaard (1939) proposed s solution, 1o
terms of a cosplex function §, applicable >0 a body containing a sharp
crack snd subjected to mode I loading (see fig. 1.2). To simplify the
boundary cuuditions, UVestergaard applied the complex functiom to the
specific case of asn infianite sheet under biaxial loading o, containing
8 crack of length Za (as shown inm fig. 1.3). Thus by judicious choice
of the cosplex functicam, the crack tip stresses are givem im polar

coordinates as:

Iye = ofva cosd(1-s8inbsin)8) + additional

Tae 2 2 2 terns
%y = o/%a coe8(l+sinbsinl0) + additional (1.2)
/er z 2 2 terms

Txy ~ o/%a sinfcosbcosl® + additional

/Ter 2 2 2 terns

If the point (r,8) fs sufficlently close to the crack tip, the
additional termes referred to {n eq. (1.2) are anegligible compared to
the first ters. This elastic solution predicts {nflaite stresses at
the cra;:i tip (r~NV: these are not (nfinite im practice riace plastic
flow occurs in the highly stressed region nesar the tip. However, ({f
this region of plastic flow is small compared to the region over which
the r— '/ tera dostnates ct; stress fleld (small scale ylelding), it

msy be assumed that the firet terws (n eq. (1.1} determine the




behaviour of the crack. This assuaption forms the basis of LEFM.

Howvever, the Westergaard solution wvas derived for Lhe specific
case of balanced bdiaxial tension. Sih (1966) and Eftis and Liebowits
(1972) dewonstrated that the Westergaard solution {is not completely
corract. Also, for the wmore common case of unfaxial teasion, the
resul’ sust be modified by superimposing a pressure of (-c) in the X
direction (fig. 1.3), wmaking a, =0 at large velues of r. Hovever,
these correctioas do not affect the value of the stresses near the
crack tip.

Irvin (1958), recognizing the group of terms o/%a inr oq. (1.2) as
a fundasental quantity, labelled them the stress inteansity factor K.
Por an infiniteiy sharp crack in an infinitely wide elastic plate, the

stress intensity factor cam nov be defined as:

‘l = Cﬁl (103)

The subscript omn K represents sode I opeaing. Similarly, Ky; 4ad

!"l represent the stress (nteasity factors for mode Il and mode III
opening (see fig. 1.2). For a body vith fiaite dimeasions, eq. (1.3)

becoses:

Yy = Yo/va (1.4)

vhere Y s a size correction factor. K has become an fmsportant
parsaecter in the fleld of fracture mechanics because {t chavacterizes
the stress field around tae crack tip. Thus, {f K can be determined

for a specific geocmetry and loading situation, the severity of the

crack tip otreess singularity can be coapared to that of other

alternative geosetries and loeding situstions where K {s known. This

capability e a valuable tool im structural desiga.

e —




Revriting eq. (1.2) in terme of cthe stress intensity factor

gives:

Oy ® 5.[ cosd(1-s1ndsinld)
T 2 2 2

Iyy = :1 cos®(l+sindsinlb) (1.9)
Ter 2 2 2

xy = K; cosdsinbsindé
*I_t 2 2 2

%z =0 for plane stress

9g2 = v(oxxtoyy) for plane strain

At this point, one other geometric factor, {ndicated in the
latter two expressions of eq. (1.5), must be noted. Plane stress asnd
plane strain refer to the idealized situations of either a totally two
disensional stress field or twvo dimensional deformation. For example,
plane stress conditions are approximated in a thin sheet. Because its
free surfaces cannot transsit a losd in the direction perpeadicular to
the sheet, o . (g sero at the surface and remains small across the
thickness. Plane strain conditions are approximated on the nid-plane
of a thick plate decause of constraint fros the surrounding elastic
ssterial. In thie csse, the Poisson’s strain is prevented (c“.o) and
Osev(oxxtoyy). As Leske (1976) and Boyd (1972) have pointed out,
caution should be used when applying the concept of plane stress and

plane strain to actual fractured materials since plane stress and

plane strain are {deslized extremes. Their wuse simplifies

calculations, but most practicsl situastions lie somevhere between the

—




tvo extremes.

1.2.2 Plasiicity Corrections to LEFM

The ejuations for ccack tip stresses derived from linear
elasticity predict a siress siagularity at the crack tip (o * = as
t + 0) vith the stress {atensity factor K controlling the sevecity of
the singularity. Siace the stresses vithin the seterial cananot becose
infinite, either its fracture stress % will be exceeded end fracture
vill occut or the yleld streangth 9y will be exceeded and the material
vill plastically deform. The great msjority of engineering materials
vill show sose plasticity at the crack tip. Since the degree of this
plasticity — reflected by the crack tip plastic zone size — will
obviously affect the crack tip stresses, it is important to be able to
calculate the plastic zone size.

Laakford et al. (1977) provide an excelleat review of the various
sethods of plastic zone size calculations; their notation is used
here. Lat Tp tepresent the actual plastic zone size and r, through rg
represent the various estimates of plastic zone size.

The first estimate of plastic szone size uses eq. (1.3) for the
y-direction stress at the tip of a sharp crack in an {afinite plate

(see fig. 1.4) with @ set equal to 0°, giving

"y (1.6)
% IT3

Substituting the yield stress oy for oyy and solviang for r gives

Tl &} ll ¢ (l‘7)
23 :;1




The ectuel plastic tome will be larger than r, . hovever, because
the load represented by the shaded region fn fig. 1.4 will be
supported by the materisl lemedietely ehead of the r, plestic zome.
This added load causes more materfal to yield so thet the plastic zoae

tecomes T, (fig. 1.9). Rice (1967) suggested r,v2r, , where:

B = 1K ¢ (1.8)

) ﬂyz
Irvin (1960) satinteined that (t (s not necessary to kmov the
eract sfze end shape of the plestic zone. Since plasticity et the
crack tip creates lerger displacesents and the satertal has lover
stiffaess than vhen totally elestic, the plesticity mskes the crack
beheve ea If ft wvere longer then {ts asctusl size. Consequeatly, lrwia
[ ]

proposed ¢ plestic zome correctioa factor r’ such that, ta the

equation for stress {intenaity, the crack length a fs replaced by

»
(eﬁ, )
e.g. K= eﬁhﬂ") (1.9)
levin chose
r" = n - 1 K¢<e 1 K¢ (1.10)
2 2
/T ol sy 6e ‘y

Equetions (1.9) end (1.10), f(m which K fs given in terms of r"

and r," is given in terss of K, {mply that K must be deternined by an

fterative process. Although ¢ plestic zone correction fector allovs a

.
P

estimate of the true plastic zone sise, elthough it {a frequently used

sore exsct calculatfon of K, lrwin‘e ¢ vas not wseant to be aa

ee such.
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Dugdale (1960) proposed ¢ diffarent epproech, postileting s model
vhich aesuses thst yielding occurs in e natrox strip shaad of the
crack (fig. 1.6). Essentially, the creck of length 2a, with yield
sones et tha creck tip, 1ie rapleced by ¢ totally elastic crack of
length 2(.+t3) plus a creck of lemgth 2(.41") which is prevented from

openiag over the regfon L5 by restraining stressas equal to tha yield

SLress J.. Thea r, is determined such that the strass at the creck tip

x(ch',) is finita. This mesns that the K due to the two suparimposed
cracks is zero. In othar words, tha strass iuntensity fectors for tha
cracke of length 2(.&,) ere equal in magnitude but opposite in sign.
Since sxprassiocs for the elestic K can be detarmined in eech caee in

tarss of (nﬂ*’). t, can be found:

o 3 K 2 (‘ol‘)

Although useful ee ¢ seane of calculeting plastic zona size, the
Dugdale mode)l loses sose physical significanca by requiring a zero
stress i{ntansity factor st (cﬂ-,), in effect fmplying that a Dugdale
crack has no driving force for creck exteansion. (The coucept of ¢
crack driviag force will be cousidered in some detail later.) A
similar wodel wes propounded by Barenblett (1962) using moleculer
cohesive forcee to eliminate the creck tip stress singulsrity. Also,
Biiby, Cottrell end Swinden (1963) developed their BCS wmodel, which
ewploys ¢ coatinuously distriduted arrey of dislocetions. Ovarell, the
Dugdale, Barenblstt end BCS wmodels yleld similer predictions for
plastic zone size.

Hovever, their estimstes only comsider one dimension of the three

disensional plastic zoue. More precisea predictions of plastic zone

|
4




size consider the stete of stress (plane stress or plane straia
referred to earlier) ard the yield condition. For example, the Tresca

yield coaditioca 3tetes thet yielding will occur vhen the maxisum

epplied shear stress exceeds a critical velue ty, f.e:
tux - ol;os 21’, (1412)
2
where o, and o, are the maxisus and ainimua priancipal stresses,

respectively. In uniaxial tensioa the maxisum epplied acrusl stress is
tvice the msximus epplied shear <tress (a)-O), and eq. (1.12) reduces

to

§ re (1.13)

Alternatively, the von MNises yield criterion {s based on a

msxfauw fa strefa energy deastty snd s givea by (Broek, 1978, pg.96)

oy ¢ E\[O“Oz)z i (oz-c’), + (9y-9, )z (1.14)
2

The voa Mises criterion has been found to closely predict the
experinental results for the onset of yielding in ductile metels.

If the creck tip stress fleld equaticas (1 5) are revrittea in

terms of primcipal stresses, the followiag equations result:

T et —




9 = K cosd(l+sind)

/Ive 2 2

e K cos@(l-sind) (1.15)

‘ V% T3 2 2

9, - 0 for plane stress

9, " v(c' #oz) * 2v K cos® for plane strain

——— g

4 IT: 2

Substituting equatioas (1.15) fato the von Mises yleld coaditioa

allows solution for the boundary of che plastic zone as s fuactiom of

| (; 0 an

£5(8) = K | Jetal®(1-2v) (14c0s0) (1.16)
‘voyz 2

for plane strain

p(8) = k¢ |143stn‘O+cosd -
2
( he’ 2

. for plane stress "l

[

4

| § Thie is equivaleat to the first estimate of plasstic soue atze ri,

la fact, substituting 6=0 in the plane stress equatios for Tp(#) gives l

the ssee result ss eq. (1.7)

Tp(9=0) = | gt~ - (1.17)
2y 0’2 '

0 Hovever, the plane strain equation givas : !




|
1

e ]

¢

Tp(8=0) = (1-2v)° K ¢ (1.18)

2% oy‘
Therefore, the plane stress value for fp st 8=0° is approximately
aine times grester thsan the plane strain r_ ., Thyg, the plastic zone

size estimate r applies sccurately to the plane stress situatfon but
greatly overestimates the plane strain plastic zone.

When equations (1.16) are plotted on normalized axes as in fig.
1.7, the relative stzes ss s fuaction of 8 of calculated plane stress
and plane strain plastic zones emerge. Due to these dif{fereaces {n
size snd shape, any plate that 1is thick enough to spproximate plane
strain constraint on its sid-plane would develop s three-dimensfionsl
plastic zone through the thickness as shown fn fig. 1.3. How ver,
McClintork ond Irwin (1969) felt fct unmlikely that sufficient
constraint would be generasted to produce s plane strain plastic zone
that is nine times smaller than the plene stress plastic szone. Their
estimate of this constraint reduces the plene etrain plastic zone to
sbout one-third the plane sotress zone. Therefore, two additional
estimates of the plane strain plastic zoane size can be made based on

t, and t, (Lankford et sl., 1977) ae

Ty * 1 x1? (L.19)
b | 6v 1’3
- - ‘ .
5 - l— K (1.20)
3 5 g,’

More sccurste eetimates use finfite elesent wmethods vhich take
Y
fato sccount msterial hardening charascteristics (e.g. Rice and Tracey,

1973 snd Tracey, 1971 and 1976). These studies shov that the plane

12




strain plastic zone s not symmetric asbout the y-axis (the vertical
axis in figs. 1.7 and [.8). Instead, the lobes are rotated forward
tovard the horizontal axis so that the saxisus plastic sone dimeansion
occurs at 9 = 70°

According to Rice and Roseagcen (1968), the plastic zone size (s
slightly sffected by the work hardening rate for a power lav hardening

saterial whose true stress-true strain curve is described by
o = keN (1.21)

where k {3 a constant and N {s the work hardening exponent. They
shoved that the maximua distance from the crack tip to the

elastic-plastic boundary wes at 6=100° Also, they found tha: for

M.GS, f' is given by

r (8=00) = 0.007 K ¢ (1.22)

¥ 4
%

Thus a great mseny theoretical estimates of plastic zone size have
been postulated, based oan various asssumptions and using different
models for their calculations. It {s perhaps notewvorthy that the oaly
setallurgical variables involved in these estimater are yleld streangth
and strain hardening rate. The smoun: of effort expended to calculate
plastic zone size goes far beyoad its value as a correction fsctor to
LEFM strers intensity factors; the interest in the crack tip plastic
sone ceflects f{ts ({mportance {a the wmetallurgical view of crack
extension and, ultimstely, fracture. Since it fs wvidely felt that the
energy required for fracture is expended ia this crack tip zome, wvalid
fracture criteris must relate to the deformation processes occurring

in the crack tip plastic some.

13




1.3 Fracture Criterta

Prior to considering the snicro-sechanistic aspects »>f crack

exteasion, the major mscroscopic paraseters in current uee as fracture

{ criteria will be reviewed. These criteria fnclude the energy release
rate G, stress intensity factor K, crack tip opening displacesent §,

and the J-integral. Underlying each of these theories is the

assumption that fracture will occur once a critical value of the

applicable paraseter ts achieved. The symbol for this paraseter {s

given a subscript c to represent the critical value. Of the theories

mentioned, the energy release rate was the first to be developed,

based on the early work of Griffith.

| 1.3.1 Energy Release Rate

Griffith (1920) reascned that crack extension of a small

tncrement da would occur at the tip of a crack of length 2a when the l

total energy E of the cracked body is decreased by the estension, i.e.

( & <0 (1.23)
| “
J
{ Considering the case of a cracked plate of thickness B under a

load P, the total energy I of the systes is composed of the elastic ]
energy U contained in the plate, the work ¥ performed by the extz:mal

force and the energy VW for crack formation. The Griffith condition of

equation (1.2)) cam be written as the condition for seutral !




equilibriua:

d (U-Fe) = O (1.24)

da

or d (F-0) » &

da da

The left side of the second equation (1.24) represents the esergy
tending to extend the crack and, sin.e it has dimeasfions of force per
unit leagth, f= often called the crack extensfon force. The right side
of equation (1.24) reflects the energy opposing crack exteasion —— the
crack resistaance for-e.

Boyd (1972) provides an excellent review of Griffith”s evaluatios
of the terms in equatioa (1.24). Griffith conafdered the particular
probles of the fracture of glass. Re sssumed that glase fractured seo
quickly that there was no time for external emergy t7 be applied, so
that d7/de~0. Since gless s a very brittle substance wvhich he
considered unable to deforam plastically, he set the energy for crack
formation, dW/da, equal to twice the surface energy v (since two new
surfaces are formed vhen the crack extends) such that &W/da=2y.

The term dW/da is the elistic straia energy veleased by unit
extension of the crack. For example, the area under the elastic
portion of a stress-stralio curve gives the elastic strain energy per
vait volume for a given amount of strain. This ares (s proportional to

o2/t where o is the applied otrese and E (s the elastic wmodulus.




Therefore, ome would expec:

a’ - q‘ (1.25)
da 4

Griffich used a solution derived by Inglis for the stress fleld

in the viciaity of an elliptical hole in en infinite, thin lamina. The

result wvas

4U - -2vo‘e (1.26)
da e

Returning to equation (1.24) end substituting fov each ters gives

2uge ~ &y (1.27)

This equation represents a creck that {is on the threshold of
fastabilicy. Criffich then solved this equation for the critical velue
of stress 0. reqote fros the crack for which the crack would extend,

giving

9 - [zur (1.28)

This equetion geve OCriffith secisfactory predictions for the
fracture stress of brittle glass but inavolved quite ¢ few assumptions.
A major one is that the energy for creck formation term d¥/da is fust
the surfece enargy of the new crack feces. Irwin (1948) recognized the
fmportance of Griffith’s equation but reelized thet in e metal, creck

extension requires energy for nev surfeces plus eaergy for plastic
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deformation as the crack tip plastic zone advances. Therefore, the

Griffich equation (1.28) becomes

% - [u(mn)]"‘ (1.29)

The plastic vork energy Yo is congidered to be much larger than
the surface energy term vy and 80 the latter is noraslly neglected for
astale. Irwin thea decoted by G the total work per uait srea of crack
extension &¥/da=C wvhich includes the theoretical surface energy and
the wo-k absorbed im causing plastic flow during fracture. Equation

(1.29) can be rewritten

% = [ncc]"’ (1.30)

Strictly speaking, this equation is ouly correct precisely at the

meent of crack extension wvhere

(1.31)

£l e
g1d

Rovever, G has come to represent the energy release rate (or

energy absorption rate) in general so that for a plate of thickness B

8

The use of C a» ol fracture criterion fte deplcted in fig. 1.9. By
aseuming that the crack grovth resistance R {s iadependent of crack

size, rearranging equation (1.30) for the general case of planc scrsin

gives

17
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C = (1-v¢)g‘va (1.33)

Thus for a given crack leagth fracture will occur vhen C > G, = g, The
tso C lines shown represent two creck lengths wvhere az>n'. The slope

of the C line for crack leagth a, is smaller that for a indicating a

2 1
smaller critical stress required for the longer crack. Thus C. cqn be
regarded as a material property. In order to use G in design, 1t f{a
secessary to calculate C for a particular configuratioan. Broek (1978)
shows that for a plate of thickness B3 under a load P, the energy
release rate is given by
S L T (1.34)
32

where 3C/3a represents the change {n complisnce of the plate per wunit
crack extemsion. The critical value of G in plane strain (labelled
clc) can be found experiwentally for a particular material in such a
configuration, and the value of C calculated from any other
configuration can be cospared to this wmaterial parameter C;.. TN
energy release rate G has the units of work per unit ares of newv crack
surface, equivalent disensionally to force per uanit leagth of crack
front giving rise to the ters crack extension force.

Thus, although many assumptions are involved, the energy approach
produces a fracture criterion in the forw of s critical energy release

rate. This result leads directly to the critical stress ({nteansity

eriterion.




1.3.2 Stress Inteasity Pactor

The stress inatensity factor K as given in equations (1.)) sad
(1.4) fa the most commonly used macroscopic frscture parameter.

Substituting equation (1.3) fnto equation (1.33) gives

G = (1-v¥)x? plane straina (1.39)
L
(N & plane stresa
4

If there 1is a critical plane strain emergy release rate Gp.
there fa also a corresponding critical plane strain stress intensity
factor. Ky, g defined for plane atrain rather than plane stress
because the critical stress intenvity for crack exteasion K. yaries
vith thickness ss shown in fig. 1.10. After an initial snarp increase
vith thickness for very thin sheets (3<2am for 7075-T6 Al), the Kc

decresses with thickness to a limiting value, Kie. This fs due to the
focrease {n constraint referved to ia Sectfion 1.2.1. When defined {n

this vey, K; represents the worst case condition for ¢ particular
uaterial and so can be taken as a msteriasl perameter. Thuas, Kie ts
defined as the plane atrain fracture toughness. Unfortunately, this s
somevhat of s sisnomer since K; (g, beged on G vhich is defined as the
elastic energy release rate. HRowever, I.k ie stil) considered a valid
material parameter and fracture criterion as long as the plastic 3sone
st the crack tip fa smell fa relation to the crack leagth and
dimensions of the test piece. Specific liwitstions on this small scale

yielding requircment will be constdersd in Chapter 2.
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The fracture criteria discussed so far ere based on limear
elastic fracture mechenice and can be epplied only when the saall
scale ylelding conditions apply. Thus G;, and K;. oiye getisfectory
results for the fracture toughaess of inhereatly brittle meterials aand
ones vwith high yield strengths. Hovever, structural steels and
sluminiua alloys otten have lov strength end high toughness which
isply plasticity before fracture. la these materials LEFM asesuaptions
ac longer apply, and the goal is to develop suitable elastic-plastic

fracture criteria.

1.3.3 Crack Openiang Displacesent

The need for a frecture parameter that would allow for large
amounts of plesticity asnd yet would bde related to the energy and
stress intenrity concepts resulted {n the crack opening displecement
(COD) epproach. This approach essumes thst frecture will occur wvhen
the local stress-strain conditions in the region close to the creck
tip exceed osowe critical value that {s s function of the msterial
properties. Wells (1962) proposed that the crack opeaing displecement
ie » meesure of the work done in extendiang the creck. He elso pointed
out thet the COD could be related directly to C and K vhea LEMM
conditions apply. This follows from the Dugdele wmode]l mentioned
previously (Dugdale, 1960) end s shown in fig. 1.6. DBurdekin end
Stone (1966) point out that the separation of the crack faces et the

tip of a Dugdale creck is given by

COD = § - lqva la sec so (1.36)

1 1 4 1.,
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vhete o (s the remctely epplied tensile stress. Wher o (s small

compsared to 9, the COD can be epproxisated (usiag equation (1.33)) by

§ » vyle = ¢, (1.37)
!u’ oy
Therefore,
G = oy o g(1-v7) (1.38)
g

Thus when LEFM counditiome epply, the critical COD (s equivelent
to e criticel G or K. Howvever, COD vas developed es a candlidete for e
frectute partemseter to be epplied wvhen there (s considersdle
plesticity; its velidity as such depends on the critical COD beting e
unique chacracterizeticn of the fracture resistance of eny particular
ductile materiel. Unfortunately, experimental determinstion of OOD {s
extrenely difftcult both to perfors end to stindardize. PFor example,
there is no videly eccepted precise definition for the position within
the creck wvhere the COD should be weesured. Much of the litereture now
refers to CTOD, for crack tip opening displecemeant, presumadly teo
distinguish the tip displecement from displecement elaevhere along the
ereck, e.g. the load line. PFor tough meteriels, there {s also the
probdlems of slov stable crack growth msking defin‘tion of the precise
soment of creck exteasfon difffcult. Also, applicetion of ¢ criticel
CTOD for e particuler design structure ceuses prodless because e
fracture stress or e criticel crack size cannot be cealculeted
directly. It seems that the wajor utility of s criticel CTOD {s as en
empirical value which provides e relative seasure of toughness.

Since the OCND approech does not generelly qualify as an

n




elastic-plastic fracture criterion, much atteantion has been givea to

the J-integral.

lc)a‘ The J-‘“&!.l

The Gy, and Kp. fracture criteria are strictly valid only for

LEFM, but they are ussful also vhen strict requiresents are placed on
the amouat of plesticity (small scale yielding). For maay structural
metals, disensions of test specisens must be prohibitively large to
obtair & valid K; . the J-integral as defined by Rice (1968) hss been
tegatded as an elastic-plastic fracture parsacter that will
asccosmodate largsr plasticity and thus allow determination of ch from
relatively small specimens.

Rice (1968) defined a two dinensional energy line iantegral as

follows (fig. 1.11)

3. Sldy - Touds (1.39)
r x

where W = strain energy deasity = sodt

T = traction vector perpeandicular to the line

displacement (n the X direction

de = an element of the line

=g
]

the closed coatour folloved counterclockwise

Rice (1968) showed that the line iategral is path independent ou

8 coatour around a crack tip and that under LEFM conditions

JeoeGCe-1 W (1.40)

B 3
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Although J wvas orvriginally developed for non-linear elastic
msterfals, the coacept has been extended to elastic-plastic materfials
and desonstrated to be valid vhere deformation theory of plasticicy is
valid (Rice, 1968b). Dowling and Begley (1976) point out that in the
energy definition of J (equstion 1.40) for elastic-plastic wmaterials
the quantity U 1is 0o longer the potential energy but rather the
elastic-plastic wotrk anecessatry to deflect the specismen. Thus, J can
sot be {nterpreted as the potential energy svailadle for crack
extension. Rowever, J dces have physical sigaificance because it is a
measure of the charscteristic crack tip stress field (Begley and
Landes, 1972) and s thus usable as s geometry-independent static
fracture toughness criterion.

Before considering the exparisental seasuresent of J, the
relactionship betveen J and the previously discussed fracture criteris

vill be presented. Fros equations (1.40) and (1.38)

J=C-ay e g2(1-v?) (1.41)

These equations strictly apply oanly under LEFM conditions and at
the critical value of each paraseter at the onset of crsck extensioa.

The experimental determination of J is besed not oa the line
fategral definition but on the energy rste definitfion. Clarke et al.
(1979) have developed a procedure for determining ductile fracture
toughness using the J-integral. Their procedure s besed on an
anslysis by Rice, Paris and Merkle (1973) which showed that J can be
estimated for & deeply cracked bend ospecimen from the

losd-displacement cecord by




(1.42)

i s

vhere A f{s the ares under the load versus losd point displacement
curve and b {s the uncracked l{gament leagth (B {s the thickness).
Clarke and Landes (1979) have extended this formulas to {nclude cospact
tension specimens, and this technique will be covered in detall (in
Chapter 2. However, the result {s a plot of experimentsl points for J
against crack exteasion As as shown in fig. 1.12. Jy. ¢4 determined
fros the intersection of the best fit li{ne sad the crack blunting line
given by J-la"‘. The slope of the J-4s line 1s a measure of the
resistance of the materisl to coatfnued crack extension. The slope
dJ/da has Ddeer usad to formulate the tsaring modulus T defined by
Paris ot sl. (1977) as

T=-E & (1.43}

-_ -
oy da
A surge of recent vork has sttempted to characterize differeat

aaterials using J snd T; a3 msjor concern therefore {s vhsther or not

ch sad T are in fact saterfal parameters. Ome spproech has bdeen to

Sessure Ji. on small specimens for cowparison with Kic ss deteruined
on thicker specimens ueing equation (1.41). Logedon (1976) did this

fo- four rotor forging steels and one cast steel and obtained good
agreesent. Another spproach is to vary specisen geosmetry, e.g. crack
length a, remaining ligsment b, thickness 8, snd to determine {f ch
snd T fa fsct remain {ndependent of these varlations. Qudss, Joyce and
Davis (1979) d1d this wusing HY-130 gsteel. They found that Jie was

{ndependent of apecimen geseetry but that T facreassd with a/NV (vhere




W {s specimen width). Thay felt that the tearing sodulus is sansitiva
to crack tuanelling, which can be decraesad by face grooviag the
specisen. Druce (1981) performed siailer tests on C-Ma stael and found
that the ({nftietion of ductils cracking ead the elope of the J
resistenca curve era gaometry dapendant. However, he felt that {f the
remaining ligament b and the specimen thickness 8 wers larga ecough (b
> mlo’ ead 3 > 90J/oy), then a mstarisl charsctartizing value of
thase parseetars could be obtained.

Despita some afxed rasults on their validity as asterial
patwmetyrs, Jy. snd to s lasser axteat T hava gained vidaspraad
accaptance for the charactarization of ductile fracture for
alestic-plastic wmsteriels. Since J was devaloped (initielly for
non-linear elastic coanditions and than axtended using the daformation
theory of plasticity which does not allov for any unloading, J should
only be used for crack {nitiation and small smounts of crack
extansion. The assumptions {n the derivetion of J hava deen subjactad
to considarable sbuse by some investigetors who use J to charectarize
quite larga esounts of crsck extansion (Abou-Sayed et el., 1981).
Hovever, their invastigations are partially defeasible on the grouands
thet thesa empiricel results corralate well with anticipated
behaviour.

Msny othar quantities have been proposad es fractura criterie
such as strain energy density (Cerberich, 1964), stretch zoae width
(Xobayeshi et al., 1979) end work to frecture (Stuwe, 1980). Since
seny of the proposed models seek to detersine criticel parameters end
their interaction with specific sicrostructural fsetures, e.g. second
phase particles, grein size, voids, slip distribution etc., the next

section will address some major effects of microstructure on the




fracture process.

1.4 Microstructural Effects on Fracture Mechanics

At present no eystematic, generally accepted sethod exists for
determiniag the effect of aicrostructure oa crack propagation an.
fracture, due wmainly to the great variety of afcrostructures ia
metslliic wmateriale. Thus, it ie oot slways possible to describe the
microstructure sccurately. However, a great oumsber of ewpirical
results have been formulated coacerning the effect of alcrostructure
oa crack propagation properties. Schwalde (1977) provides an excellent
survey of some of these results. Before considering the effects of
particular microstructural features, comson crack propagation

asechanisss will be examined.

L.4.1 Creck Propsgetion Mechaunlsms

As 8 weans of reviewiang results on aicroatructursl effecta,
Schwalbe (1977) introduced the commonly encountered aicroetructures of
polycrystalline metallic materfals, eohown {a figure 1.13. The five
sa jor types of microstructure are (a) asingle phase, polycrystalline
setallic material; (bd) two phase material, 8 s a; (c) two shaee
material, 6 in a wicth approximstely equasl voluse content; (d4) eecond
phsse particles along the grain boundaries of the fivat phase; and (e)
continucus metvork of the second phase along the grain boundaries of
the fireat phase. Por these types of amlicroetructure, Schwalbe 1feted

ten potential crack propsgation mechaniems, shown i{n figure 1.14 ase:

a) cleavege crack propsgation




b) diwple fructure due to coarse particles

c) dimple fractute due to fine particles

d) dimple fracture due to coarse and fine particles

e) intergranular crack propagstion due to grain boundary
precipitates

f) intergranular crack propagstion dus to a hard phase grain
boundary file

8) ifntergranular crack propagation due to s soft phase grain
boundary file

h) crack propagation by nlip plane/slip plane imteraction

1) crack propagation by slip plane/grain boundary interaction

3J) crack propagation solely by plastic blunting

Such a relatively large number of potential mechanisms highlights
the problem of modelling crack propagation since each mechanise may in
turn depend on a different local parsmeter for operatfon. Also, the
sodel is further coeplicated by weetals in vhich cracks propagate due
to several of the above wmechanisms in competition. Despite the
difficulties some general comments can be made. Low tesmperature, high
defornation rate snd s triaxial stress state can cause lowv and wmedius
strength steels to fracture by the lowv energy cleavage mechaniss
(figure 1.14(a)). ¢ cleavage crack 1is considered to faitiste at
dislocation pile-ups (Tetelman and McEvily, 1967) when several
dislocations at the head of the pile-up coalesce. This cleavage crack
then propagates due to the stress concentration at the pile-up
vhenever the tensile stress on a plane norasl to the slip plane
reaches the i{deal fracture stress (Honeycombe, 1968,pg.430). Thus the

extent of dislocation movement prior tn propagation of the crack ecan

r 2




be fairly emall; this mechanism represeants the lowest fracture

toughaess .

1.4.2 Effect of Particles

Mechanisas (b), (c) and (d) in figure 1.14 {llustrate ductile
crack propagation due to rupture around second phase particles. The
large second phase particles in (b) and (d), uweuslly calied
inclusions, avre csused by Impurities. Such inclusions do not
contribute significaatly to the material”s streagth. The fine
particles in mechanisms (c) snd (d) can be either large precipitates
or dispersoids. The resultant dimple formation mechanism around such
second phase particles is illustrated schematically ia figure 1.15. As
the component {s losded, the crack tip bluats. Large plastic strains
at the tip csuse second phase particles either to crack or to decohere
at the particle-matrix interface, depeanding upon the streangth, size,
and shape of the particles and the iaterface strength. The voids thus
formed then grow uatil they coslesce either with each other or with
t%e crack tip. 1f each particle 1in the crack plane either cracks or
voids, then the dimple size would correspond to the particle spacing.
Sroek (1972), after examining the fracture surfaces and microatructure
of 13 sluminiua alloys, found that ductile rupture was {initl{ated at
small inclusicons and that the average disple spacing vas equal to the
average isclueion distance. He concluded that void initiation is
followed ismediately by spontaneous growth and coaslescence. Therefore
void {anitiation 1a the critical event {in ductile fracture. Wi
conclusicn implies that wore particles vill yield more void nucleatfon

sites and thus reduce toughness. This reduction in fracture toughness




vith incluslon content (showm in figure 1.16) is alsc suggested by
other investigators. Hshe and Rosenfield (1973) fouand that K; yeried

i/
vith t, vhere f. 15 the volume fraction of cracked particles. They

proposed an equation for Kic ss

Kie = f2o92ys\ '/ '0} £.-'7" (1.44)
6

vhere D is the particle diameter. This expression is besed om previous
work by Rice and Johnson (1970), whose proposed model for hole groe:k
at a blunting crack tip assumes that crack growth occurs by
coalescence of the void vith the crack tip. Later, Van de Kasteele and
Broek (1977) investigated the failure of large second phase particles
tn 7075-T65! aluminium alloy, wusing this wodel. fovever, they
subsequently sodified it because they found that the ligement between
large particles failed by the initistion and growth of voids at wmuch
smaller particles. Thus, they aobserved the ductile fracture mechaniss

in figure 1.14(d) and obtaimed
Lie « l"““ (1.43)

Van de Xasteele and Broek eventually coancluded that both spacing
and volume fraction of large particles are important to toughness and
that the failure of particles is dictated by the saximus principal
stress.

Referring agsin to figure 1.14(b), (c) and (d), Schwalde (1977)
conpared these three propagstion wmechanisms according to the size of
particles active in dimple formstion and relative toughness s

follows: weechaniss (b) — large particles active, lov toughaess;

sechaniss (c) — emsll particles active, high toughness; mechaniss (d)




~= Both types of particlas active, even lower toughness than for
sechanisa (b) since the small particles reduce the ductility of the
ligaments between the large particles.

Although the mssjority of experimentel evidence shows that
toughness decreases with increese {iu volume frection of particles,
Dunwoody, Moore and Thomas (1973) echieved en increese ia toughness by
adding particles to en Al-¥Mg-Si elloy. Omne possidble explenation for
this increase 1is the effect of small incoherent particles on slip

distribution.

1.4.3 Effect of Slip Distribution

Hornbagen and Zum Gahr (1975) examined the disctribution of
plastic strain in elloys containing small particles. Their model of a
given amount of plastic strein wvhich can be distributed either
homogeneously or heterogeneously within e crystal volume i{s shown in
figure 1.17. Pig. 1.17(e) defines the mscroscopic sheer strain ¢, and
figs. 1.17(b), (c) and (d) illustrate three ways in vhich different
slip distributions can provide ¢. Pigs. 1.17(d) and (c) depict the
extrese examples of heterogenecus end homogeneous slip distributions,
respectively. In fig. 1.17(d) the shear strein {s provided by
localized slip in a band of width B wvich the slip bend epscing being
A. This distribucion corresponds to e situation intermediste betveen
figures 1.17(bd) end (c) in terme of slip heterogeneity.

flornbogen and Zum Gatr (1975) 1ist severel micro-structurel
features thet ere expected to effect strainm distributien. Cosrse slip

is favoured by:

1l low stacking feult energy

|




2 sheared precipitate particles
3 short range order

4 radlation damage and holes

5 few slip systems operating

6 emisrary ditslocations

7 large grein size
Pine slip is favoured bdy:

1 high stacking fault energy

2 by-passed particles

3 dislocation forest
4 dislocation cliad
3 many slip systems operating

6 small grain size

Martin and Bdwards (1980) discussed siip distribution in particle
hardened slloys. Above a certain critical particle diameter d
dislocatien-particle interactions will form Orowan loops. On further
straining dislocation debris accusulates around the particle, the slip
plane work hardens, and other slip planes becowe active, thus causing
more homogeneous slip. When the average particle dismeter is less than
‘e tt. particles are sheared. The first dislocation cutting such a
perticle causes it to shear by an amount equal to the Burgers wvector
s¢ that the effective cross-section of the particle s reduced.
Subsequent dislocations from the same source will encounter an
effectively softer particle, which is again sheared; the slip plane {»
thus progrewsively softened. Slip distribution in this type of crystasl

tends to be hetsrogeneous bdecsuse there is less tendency to activate

n




additional slip planes.

The shear yield stress, Yy of a crystal coataining s volume
fraction f of particles of diaseter d which are sheared by the
dislocaticas at yield is wavally given (Martia, 1980) by an equation

of the form
v, ~ of}dqbst (1.46)

vhere C (s a constant wvhose value depends upon the hardening wechsnisas
being coustdered. If a dislocations of Burgers vector b shear a given
particle, assuming for sismplicity thet the particles are sheared

across a diameter, then the stress for further shear becomes

1, = Ctl/4(a-ub)! /¢ (1.47)

_cflll‘lll(l_'b,‘)lll

The tendercy to produce heterogeneoua slip will bde wore
pronounced the more v decreases by the passage of one dislocatfon,

f.e.

dv = pofrl’/t (1.48)

dn ull!(l_"")ll'l

Thia expression indicates that the tendeacy tor coarse slip 1is wore
pronounced the higher the voluse fraction of particles, the higher the
value of C and the smaller the dlaseter of thes particles.

Several vays to obtain a sore homogeneous slip distribution based
on the above rasults are fesaible: Overageing an age hardensdle alloy
casuses the precipitate particles to becoee large and incoherent. \hen
s highly overaged specimen with a polished surface {s deforwed, the

surfece thea coutains a large ausber of small slip steps that are
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hosogeneously distridbuted. A disedventage of this asethod of slip
howogenitetion (s the corresponding decresse (in yield streagth
essocieted with overageing. A prefereble sethod of slip homogenizetion
uees s duplex egeing hesat treetment to form s bdimodel precipitate
d4istribution consisting of a finely dispersed cohereat phase plus e
distribution of fncoherent particles. The finely dispersed coherent
phase provides a high yield stress while the incohereat particles
homogenize the slip distribution. Although this duplex egeing heat
trestment technique is not wvidely used, {t does suggest yet enmother
method wvhich s wvidely encountered in industriel age-herdensble
slloys, that of dispersoid addition.

There ere three types of particles preseat in sged commercial

heat-treetable eluminiuam slloys:

i Fine coherent or o'onl-cohcrent precipitate particles which
are the eource of streangthening.

2 Coarse particles (D>iym) called {nclusions that originate
during casting end are linked to the iron {mpurity conteat
of the slloy.

3 Fine {incoherent particles (D=C.lym) called dispersoids
vhich sare intersetellic phases erising froa the eddition of

trensition elements.

Dispersoids ere empiricelly edded to these commercial elusiniuam
elloys to 1imhibit grein growth during heet treetment. Dovling end
Martin (197)) showved that these dispersoids prowmote the homogenizetion
of slip.

Lut jering (1976) did extensive work on the elip distribution and
nechanical properties of mstellic msterisle. In generel, he found thet

»




the mechanical properties of msteriels with {inhowogeneous slip ere
substantially {iaferior to those of corvesponding materiels with s
homsogenecus slip distributfon. In coasidering the mechanisms of crack
sucleation end propagatfion es e fuanction of slfp distribution,
Lut jering observed thet {an a materfel with e homogeneous slip
dfstribution the fracture sechanism {s determined by the presence and
disteibution of herd {ncohereat particles. However, when slip fs
inhomogeneously distributed, crack puclestion is determined by the
reection of slip bands with the test plece surfece, with other slip
bands, end vith the grain boundaries. Depending on the degree of
fohomogenefity of the slip distributfon, crscks msy propagate through
the matrix, along the grain boundaries, or along the slip bands.
Following this revies of slip distridbution, oencther factor which

effects fracture mechsnfsss vill de consfdered -~ the grain size.

1.4.4 E’fect of Crein Size

A major problem in experisentally ssseczsing the effect of grein
size on fracture 18 that {t {s very difficult to vary grain sisze
without effecting other potentislly significant parsmeers such os
yield etrength, width or total amount of grein boundery precipitste
free zones, smount of grein bdouadery precipitate, end so on. It seems
probable thet the grain sfize would effect ell the intergrenuler crack
propagation sschenfems shown in Cigure l.14 (f{.e. (e), (f), (g) end
11)). Rornbogen (1975) developed ¢ model for the grein size dependence
of frecture toughnees of precipitete hardened elloys for instences
vhere plastic deformation is confined to ssall plensr portions (such

es the precipiteste free one or plensr slip bends). By sssuaing a




local critical strain for cresck propagation, Hornbogen atrived at the

relation
ch & .‘-”3 (1.49)

where u is a constant and d is the grain size. This reciprocal square
root relationship was fouad to be reascasbly vell observed for s
precipitation herdered 7075 aluminiua alloy.

Since ductility messured {n a tensile test and fracture toughness
often shov the sase trends, and since tensile ductility exhibite a 1/d
dependence, K;. 535,14 increase with decreasing grain size (Schwalbe,
1977). Thompson and Zinkham (1975) found this effect on plane stress
fracture toughness data on overaged 7000 gseries aluminiuva alloys with
various grain sizes (see figure 1.18). Por intergranular fracture
along & precipitate free zone (PFZ), the grain size effect can o
explained by the increase in volume fraction of PFZ with decreasing
grain size, thus decreasing the average local strain in the PFZ. In
he case of slip plane decohesion (figure l.14(h)), the grain size
controls the nusber of dislocations on the slip plane; here a samaller
grain size weans a less severe slip plane/slip plase interactiona.

Although other aicrostructural features can affect fracture
mechanises, wve will now focus on the region wvhere these

microstructural featuces are fmportant - the crack tip plastic zume.

1.3 Crack Tip Plastic Zore

Coneiderable rssearch has bheen directed at determining the sire
and shape of the crack tip plastic sone. Much of the interest in this

crack tip region kas been due te {(ts perceived {importance im




correlating microstructural features to macroscopic fracture toughaess
pataseters. This reglon has become the focus of microstructural models
vhich seek to define critical local fracture criterias, such sa atress
or strain, te terwms of the owverall fracture process. Before
coasidering experimental methode of determiniang the crack tip plastic
tone size and shape, ({(mportant aspects of strest and strain vacriation

vithin the plastic zone varigqat a review.

1.5.1 Stresses {n the Plastic Zone

For the theoretical crack tip stress fleld under LEFX
assumpt {ons, presented in Sectioca 1.2.1, the =172 dependence of near
tip stresses predicts {afinite stresses at r~0. Ia eangiueering
materials, however, these stresses do not become {nfinite because
plasticity casuses stress redistribition.

Boyd (1972) descrided the three dimensional stress systes for the
case of an edge-notched, semi-infiaite plate of finite thickness
subjected to Mode | loading. Wis presentation vas besed on three

dimensionsal photoelastic experimeats by Dixon (1966). The vartstions

i o .. oyy sad ozs (shown ta figure 1.19) follow:

Syy~The stress parallel to the applied loading (fig. 1.19a) ts &
saxisus slightiy shead of the notch root, disinishing raptdly vatil f{t

is equal to the applied stress remote from the notch. This stress is
larger on the midplane of the plate thaa st the surface and {» lisited
at the notch root by yleldiag of the matertal.

9.x~The streas perpendicular to sad ia the plane of the notch
(figure 1.19D) fs sere at the notch root but {acreases rapidly to »

seximm near %y. It then dectesses rspidly, becoming approximately




1/3 %y at large distances from the notch root. Tais strees o also

largest on the midplane.

O33~The stress in the thickness direction (figure 1.19c and d) fa

zero at the plate surfaces but increases rapidly towsrd the midplane,
where it is equal to “(‘n’w fn thick plate dbut less {a thia plate
(vhere v is Poisson’s ratio).

The octahedral shear strese is given by

Tect = 14k, "vy’z * (e, =9, )" + (0, -0, )"  (150)

b

This octahedral shear stress is highest at the plate eurfaces and at
the fmmediate notch root vhere either a , or o,, (or both) ace zero.
This suggests that fracture mechanisms coutrollo‘_ by a critical
saximun shear strees will occur first at theae locations.

The mess strese s given by

e - *
» .1.(": e, *a,) (1.%1)
3
vhere %, 9 and o, are principal stresses.
Taking the x,y, and £ axes as the priacipal directions, it can de

seen from figure 1.19 that oy, o, and ¢,, oll have their ssxima at

Yy

the widplane ¢nd thet the Maxisus 0, (]}l occur at sowe small
distence shead of the notch on the midplane. Boyd (1972) euggests that
fracture sechanisms which are controlled by s maxisus normal tensile

stress will occur at a criticeal volume dilatation givean by

We = 1-2v(onxtoyytors) (1.32)
e




Thus in s region at the aldplane a short distance from the notch
root the voluse diletation {s a saximua and the octahedrsl shear
stress a ainisus. Becyd calis this region a decohesion enclave where
fracture mechanisss that favour a critical normal stress will cperste.
One wight thus expect differences in creck {nitiastion stress snd
position for different crack extension mschanissme.

This ewphasis oo stress stste resembles that of Meckenzie,
Rancock and Brown (1977) wvho finvestigated the effect of atress state
on the effective plastic strain necessary to {nitfste ductile
fracture in high strength steels. They used a nondimensionsl parseecer

9%/7 for strese criaxiality, where om {s defined by equation (1.51)
and T, the effective stress, {s defined by

T = MIzfo,-g,)" ¢ (9,70,)7 + (g,-9 )2  (1.53)

2

Using results from Bridgman (1952) for strees and strein ststes
in necked tennile specimens, Mackenzie et sl. determined the failure
fanitistion atrain as a function of etress triaxislity for their
materisla. MNext they used an snalysis by Rice and Johason (1970) for
the stress sad strain distributions in the reglon of a dlunting crack
tip; they could then infer that there 1is & critical materisl size
parssester or charscterietic length over wvhich ¢ critical etrein sust
sct for fracture initigtion. Although s great many sssusptions and
approxiastions vitiate thie aenalysis, the reeult {s particularly
ettractive from the viev of explaining ductile fracture toughnese

velues in terms of s microstructurally determined critical leagth ot

the crack tip. Ritchie, Server end Wulleert (1979) extended the

resultes of Mackenzie et sl. (1977) to appiy thee to the upper shelf




toughness of two suclesr pressure vessel steels. Ritchie et al. also
depict ductile fracturs as being strain induced due to crack growth by
linking of voids when sowe critical strain is er-eeded ashead of the
crack tip. Rowever, this critical strain =uet be exceeded over a
ninisum volume vhich {s charscteristic of the scale of physical eventa
involved in the material. This they call the stress wmndified stral'n
wode] where 1,' fs the microstructurally significest charactertstic
distance. WVhile pofnting out that lo‘ is an empirical quantity,
presusmabdly related to microstructural sspects of fracture {aitiation,
Ritchie et al. nevertheless regard the charscteristic distance for
ductile fracture as reflecting the spacing betweea particles
sucleating major voids as well as the critical nusber of voids which

coalesce with the main crsck at the initistioca of crsck growth.

L.5.2 Strains in the Plastic Zone

There hsve been various attempte to derive the manner {a which
strain varies with distance r ahead of the crack tip. The LEFM
analysis for displscemsents ia froat of the crack gives asnslaogous
results to the stresses discussed in Section 1.2.1 fm that the etrain

-4/2

in the y-direction ty 1s proportiossl te r . Butchineon (1968)

developed » relstionahip between the plastic strain oo the distance ¢

and the work hardening exponent N ge

tp « (1.%4)

1
N
r

Hovever, Rice sad Rosengrea (1968) used the slightly different
form
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€ = _1 (1.53)

Both of these forss reduce to the LEFM result vhen N equals
unity.

Perhaps a more realistic samalysis was wmade by Rice and Johnson
(1970) in their widely referenced work on the stress ani deformation
fields near s crack tip wundergoing large geocsetry changes in
elastic-plastic msteriasls. They applied vlip line field theory to a
progressively blunting crack tip using a numerical analyais to obtain
s plot of the true strain distribution as 4 fuaction of (X/&,) Here X
represents the distance of a ssterial pcint {n froat of the crack tip
before deformation, and § (, ¢he crack tip opening displacesent for
both emall scals yilelding and fully plastic conditions (see fig.
1.21). Although Rice and Johnson do not offer the equation for these
curves, Schwalde (1977) states that this strain distribution can be

spproximated bdy

ty = 0.44 8¢ -0.2) (1.56)
X

Rice and Johusou use this derived plastic atrain distribution o
develop a model for fracture by ductile void growth et s crack tip
wvhere X, f{s the distance over which some critical fracture strain
sust be schieved. They suggest t' 3t X  wight be identified with o
gtein size or s wmean spacing of laurge second-phase {nclusions
responaible for ductile fracture.

Prince (1977) studied crack propagstion fn Al-¥g-S{ alioys snd
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found chat they failed (n a predominantly intergranular wanner along
the grain boundary PFZ. Primce and Martin (1979) presented s model for
this intergranular crack propagation in terws of the slip distribution
and a critical local fracture strain ¢€j¢ ot the grain boundary. A
schematic diagrss of the proposed local plastic strain and the
sacroscopic plastic strain shead of the crack is shown in figure 1.20.
The smcroscopic strain, the strain averaged over distancss larger than
the sifp band spacing, s shown to decrease linearly with distance
ahead of the crack. The actual rate of decrease will de detecrmined by
the stress fleld chead of the crack and by the work hardening
characteristics of the msterfal. The local strain ¢, 44 ghown to
fluctuate around the sacroscopic strain ¢ 3y g4n gmount proportional

to the slip band spac’ng and the macroscopic strain such that

€1 = &, dadea (1.57)

vhere k, {s s constant, d is the grain size and 4 (4 the mean planar
spacing of dispersoids, s spacing proportionsl to the slip band
spacing. If the critical local fracture strain ¢;4 14 coastant, eq.
(1.57) can be used to show that ss 4, (¢ reduced by incressing the
volume fraction of dispersoids the wmacroscopic strain ¢ gust
Becessarily locrease to attain the critical locsl plastic strain. In
other worde, the dispersoids homogenize the slip diatridutioa sc that
s higher strain must be applied to achieve a given local strain.

The wmodels that seek to relate weicrostructure to fracture
toughness rely on the analytical results for stresses, strains and
plastic zone dimensions previously discussed; therefore wmuch
experimental work has been done in sttempts to verify the analytical

results.




1.5.3 Experimental Determisation of Plastic Zone Stze

It {s d1fficult to compare experimental determinationa of crack
tip plastic zone size because of the wide range of technigues used and
the asny experimental variables involved. A 1list of references
including techaique, aaterial and type zone messured (plane stress or
plane strain) i{s given {n Table l.1l.

Many techaiques, such as stereo-imaging, photoelectron
microscopy, grids, brittle lacquer, etc., wmuat be emsployed on a free
surface. Although poreantially useful wvhen cosparing plastic szones in
plane stress conditione, these techaiques are not applicable to plane
strain, an area of considersbly more interest with regard to fracture
criterfa. Purther, ths few techaniques that are applicable to plane
strain conditions are usually severely ilamited {n some way.

To sessure plane strain plastic zomes, it i{s necessary to test a
specimer thick enough to obtain plane straias coastraint on the
aidplane and then to section the specimen to expose the plane
perpendicular to the crack. Hahn, Hoaglsnd aad Rosenfield (1972) used
Pry“s reagent to etch the plastic zone in lov carbon steel, but this
technigue is ounly applicable to this type of materisl.
Recrystallization (Shoji, 1976) and precipitation on dislocations
(Clavel et al., 1975) are also iimited to a small range of materials.
Yraneaission electron wmicroscopy can be uvaed to wmeasure dislocatios
densicy at precise points sround a crsck tip, but this msethod is very
timse consuming and requires destruction o2 the specisen. X-ray
uicrobeaa techniques have limited sensitivity due to a several hundred
sicron thicknese probe size. Microhardnese tests also have limited

sensitivicy and are suitadble only for materiale that streagly work

.




harden or wvork soften.

Prince (1977) effectively used electron channe’ling petterns
(ECPg) described by Stickler and Booker (1971), a techaique also
successfully employed by other investigators (Devidson and Lyle, 1975;
Davidson and lankford, 1976; Lankford and Devidsoan, 1976; Devidson et
al., 1976). The theory of the resulting ECP has been given elsevhere
(Speacer, 1974). The metbod will be covered in wmore detail inm Chapter
2. HRowever, briefly, the procedure involves rockirg the collimated
electron beam in the scanning electron wmicroscope (SEM) adout a polat
(~ 10um diameter) on the specimen surface. The ECP {s a pattern of
lines that results from the iateraction of the collimated deam and the
crystal structure. Since the quality of the ECP depends ou the
perfection of the crystal lattice, deforsation causes systesacic
degrsdation in the resulting ECP. The crack tip plastic zome size {3
determined by examining nuserous smsll wvslumes of material with the
tlectron beam. The strain iz esch resulting ECP casc then be derived by
comparison with ECPs from a calibration specimen. Sowe advantages of
the ECP method of plastic zone messurement are:

1 Informarioe cowes fromw a swall interaction volume of ssterial
vhich depends on the arsa of the electron besm on the specimen
surface end the asccelerating voltage. This area can be kept
quite small, s shown by Joy and Mewbury (1972) who cbtained a
selected area of lum diswmeter.

Z The specimen (s not destroyed Therefore, repeat weasuresents
can be msde to verify results.

3 Sensitivity ie fairly good since relatively small straims cauee
detectable deterioration of the ECP. Ia theory, BCP lime widths

can be compared to those from tensile gspecimens st known
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strsins. Stickler snd Booker (1971) obtained a good correlation

between line width and strain over the range 0.03 te 0.20

tensile strain.

4 The wmethod s aspplicedble to plane strain plastic zome

seasurements snd can be used on any crystalline msterial that

vill give govod gquality channelling patterns, e.g. enickel,

aluatafun, copper, lead, silicon and low carbon and stainless

steel.

There are also some lisitations on the sethod: The dislocstion
density in the undeformed material sround the plastic zone must be low
enough for & good quality ECP. Further, the graia size should be
larger than the selected sres size 30 the eatire ECP can be obtained
from a single grain. Finally, the wmaterisl wmust be receptive te
electropolishing. Despite these restrictions, the ZCP wethod of
plastic rone messuresent has proved effective and has been showm
(Davidaca et al., 1976) te correlate well with other techaigues.

The crack tip plastic cone has been the focus of much of the
preceding discussionr because it promises to provide g mesasurable 1fink
betveen mscroscopic fracture sechanics paraseters and microstructursl
sodels. With this discussion ss Ddackground, the aspprosch takea to

relate these can sov be outlined.

(1)
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Table 1.1

i

Some Experimental Plastic Zone Sire References

Measuresent State of
Reference Techaique Stress Material
Bathais (1977) microhardness Pe 316 stainless
fathais & Pelloux (1973) sicrohardness Pe 16-13 stainless
Baxter & Roure (1976) photostimulated Pa 1018 steel
exoelectron 1065 steel
enfssion
Chanani (1977) optical Po 2024-T3 Al
interference 2024-78 Al
7075-T6 Al
Clavel et al. (1979%) etching Pa, Pc INCD 718
Davidson & Lankford ECce, Pa 6061-T6 Al
(1976) replication Pe-351
304 stafinless
Davidson et al. (1976) gcr Pa low carbon steel
Hahn et al. (1972) etching Po, Pc, Pe-3814
line (1976) recrystalliration Pe o4 stainleess
Teual & Pine (1979) foil strain Po Al~6.3%Cy
gauges 7075-176 Al
70%0-1T4 Al
2024~-T4 AL
2219-7861 Al
2219-0A Al
fvue & Fine (1980) foll steain Po MAB7 (Al)
8" sges
tistiere (1976) XMB Po AUZCN, ACS (Al)
Lis & Ine (1969) grid P 2024-7) Al
Petic et al. (1977) afcrohardness, L] AUA (A))
slip linen Peo ADL (A))
Pectit & Moeppaer (1973) image Po 7075-16 Al
distortion
Pinesu & Pelloux (1974) aternhardness Pe Pe-34N1
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Purcell & Weertman (1974) wmicrohardaess Pc copper
Saxena & Antolovich (1975) microhardness Pe copper
Cu-2.2A1
Cu~4.2A1
C.".ul
Techegg et al. (1980) e Po uild steel
recrystallization afld steel
Vilkine & Seith (1970) ™ Pec Al-1/2ng
Yokobori et al. (1973) s, Po low carbon steel
sliplines

1.6 The Present Work

As previous sections have poiated out, a great deal of
uncertainty exists as to the precise manner i{n which alcrostructural
variables affect macroscopic fracture perameters. In psrticular, the
erack tip plastic processes and their role in deternining toughness
are unclear. Although large particles or inclusions may sees to be
generally detrimeatal te fracture toughness (Reaha and Rosenfield,
1973), dispersoids wvere shown to increase toughness in Al-Mg-Si slloys
(Dunwoody et al., 1973) and to change the fracture mode froe mainly
fatergranular to st least partly transgranular.

Previcus work st Oxford University (Dovling, 1975; Prince, 1977
snd Edwards, 1981) favestigated the influence of Ma-bearing dispersoid
perticles on ths behaviour of Al-¥Mg-S{ aslloys. Published work fncludes
Doviing snd Martia (1976) on slip distridbution, Doviiag snd Martin
(1977) on tensile fracture processes, Prince and Mertin (1977, 1979)
on weonctonic crack propagation, and Edwards and Martin (1981) en

fatigue ctack propagation. The present work is proposed te estend




these previous studies and to establish gquantitstively and
unasbiguously the role of wnicrostructure {n determnining fracture

toughness of these alloys.

1.6.1 The Aluainfus-Magnesiun-S{i{icon System

The alloy used in the pregent work has the basic composition
AL-0.6Tg-1.0251. This is a commercial slloy with a good coebination
of strength, corrosion resistance, extrudability and weldability.
Edvarde (1981) gave an excellent reviev of vork done ou this systes
vhich is summarised here. The composition of this alloy wvas arrived at
empirically (Allats and Mercher, 1972) and differs from pseudo-dinsry
Al-ﬂg2 ${ {a that {t contains an excess of silicon. This excess
silicon goes into solution and has the effect of ralsing the solution
tesperature of the Ng’Sl shase As the silicon content 1{s increased
the alloy has a higher solute superssturation after gquenching. Thus
the volume fraction of the ageing precipitate is increased leading to
a {iner ageing structure. Some of the excess silicon is also taken up
in the intermetallic manganese-bearing phase.

The alloy ageing characteristics were discussed by Doviing
(1973). Briefly, the alloy {is howogenized, quenched and aged to
produce & wmarked {ncrease in yield streagth. GP zones cause the
hardening when the ageing 1s at lov temperatures vhile needle-shaped
N.'ﬂ precipitates form at higher temperatures. The ageing process fs
sensfitive to the time of holding at rooa temperature after quenching.
Vacancy clusters are forsed! rapidly at room temperature after

quenching, and since these clusters provide muclei for precipitstion

at higher temperstures it fa necessary to control cerefully the bhold




time betweaen queaching end ageing.

As discuased by Dovling (1975) some controversy sxists over the
exact structure of the GCP zone hardening phase (8°°). Thomse (1961)
suggests that it s a YOC superlsttice vhile Jacods (1972) snd Wakt
and Von Reimendahl (1974) suggest hexagonal and monoclinic structures
respectively.

Like wmost age hardeaning systems, the present slloy displays
prtecipitate free sones (PFZ) at the graia boundaries aend grain
boundary precipitates in the aged condition. Their sizes depend upon
homogenizing temperature, quenching conditions and ageing time and
tewpersture. The grain boundary precipitates are believed to be
si)icon (Thomes, 1961).

In commercial alusinius alloys, manganese s added ae s grain
refiner and to reduce the susceptibility to {atergranular
embrittlement (Marris and Varley, 195); Allais and Mercher, 1972).
Iren fa alio preseant as an {mpurity. Iron forms cosrse second phase
particles wvhich are generally vregarded ss hareful (Haha and
Rosenfield, 1975). HMowever, {t is usually unecomomic to reduce the
fron level belov about 0.1-0.3wtX. Manganese has the added advantage
of chauging the wmorpholeogy of the {rom bearing phase from the
relatively harmful plates of a-(FPeSi)Al to the less harnful scripe
morphology (Chadwick et al., 1993).

Upon casting and rapid solidification of an Al-Mg-Si-Ma alloy,
most of the Mg, S1 and Ma fe retained {n supersaturated solid
solution. Ian {industrial practice, the alloy {s then homogenised.
During the homogenizartion heat treatment, the asgnesiva and silicen

sre homogensously redistriduted, But the manganese {s precipiteted out

of solution to farm the rod-shaped {nterwetallic .-Mnnn,u phase




(dispersolds). These dispers ids precipitate quickly but coarssa
slovly so that their final stze of about O.luym s reasonadly coastant
regsrdlass of subsequent heat trsatseat. The dispersolde cannot be
redissolved bdecause of the lov solidus (Doviiag, 1975). Since the
alloy wust be howogenized to ramovs the cast structure, the
dispersoide inevitadbly form thea. Toward the end of howogeaization,
the dispersoids undsrgo Ostvald ripening, snd thsir size varies ss the
cube rooc of time (Dowling, 1975). Thus sigaificant growth would

require very long hosogenizatioa tises.

1.6.2 Fracture Mechsaisms in Al-Mg-S{ Alloys

Deterfls of the fracture mechanises (a Al-Mg-S{ alloys have been
under study for s nusber of years. Chadwick st al. (1933) looked st
the addition of TFe, Mn and Cr to the basic alloy snd found that sll
three increased the strangth of the slloy. They found that the alloys
vithout Mn and Cr wvere brittle and fractured (ntergranularly while
ones with Ma asad Cr were strownger, wmore ductile and frectured
transgranularly. The rvether tentativa conclusion wvas that the
intergranular fracture wae caused Dy the lov straagth of the grainm
boundary precipitates. The fmplicetion vas that Mn and Cr reduced the
smount of precipitation at the grain boundary and thus supressed the
tendency for ({ntargranular {racture. At the same time Harris end
Varlay (1953) vere varylng the Mg and Si contanta of the alloy which
alao contalned adout 0.2XPa. They concluded that excess silicon wae
necessary for Orittlieness and that the lov anergy intergransular
fracture path wae due to the praferantial grais boundary precipitation

of sither frae eflicon or I',l-l te form a contimuous grain boundary
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fils. Beneficlal effects of mangenese and chromius were attributed to
their inhibiting preferenstial grein boundary precipitation although
the prectise sechaniss of thia i{nhibition {s unclear.

Dunvoody, Moore and Thomsa (1973) eleo fouad that the besic slloy
Al~0.6IMg~-1.0IS1 had very low toughness and failed !atergranularly. By
adding Mn or Fe they increased the toughnesa dy a large smount (Me
only) or by a saall smount (Pe only). Adding Mn and Fe together gave
toughneas lover than for Mn oaly but better than the besic alloy or
for Fe only. They concluded that the resiatance to crack propsgation
of Al--Mg-St {s increased by incoherent particles due to Fe and Ma. The
toughneas increase vas accospanied by a change in fracture mode froms
mafnly {ntergrsnular to at least partly transgresular. The moet
effective particles were the flne ones of 0.03 to 0.25um diameter
(d1apersoids) formed during homogenization and hot working of the cast
ingot. Inclusions (> 1.0ym) were considered detrimental to to:jl..ves
but caly vhen fine particlea were present.

Dowling and Martin (1976) and (1977) favestigated the effec: of
Mn-bearing dispersoids oa slip distribution and teneile fracture
processes. At regards slilp distribution, Dowling and Martin (1976)
found that Mn dispersoids caused lsteral spreading of the slip beads
and thus gave smaller stress concentratioas at the head of the alip
bend. The stress concentrations were 2lso reduced by the smaller grain
size of dispersoid containing alloys. These two effects then suppress
intergranuler fracture ot lov straine because the strees
concentrations sre too small to cause decohesion st the grain doundery
precipitates. As regards tensile processes, Dowling end Martia (1977)
studied the bdasic alloy (A1-0.6IMg-1.028{) containing sepproximately

0%, 0.2%, and 0.62Mn. These wil) De referred to as alloys 1, 2 ond &
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consistent with the nomenclature of Prince (1977). Dowling end Martin
found thet alloy 1 feiled {intergrsnularly but the intergranuler
fracture surfaces were covered with fine dimples of 0.5 - 1.0um
disseter. This corresponds to the everage spacing of the grain
boundery precipitetes, suggesting these aa nucleetion sites for the
grein boundary voids. Schvellinger (1980) hsa suggested, however, that
fallure by atcrovoid cosleacence slong the PPZ in Al-¥Mg~Si alloys wmay
nucleete homogeneously by void formstion {a the dielocation
substructure.

Dovling (1975) found that alloys 2 end 4 frectured in o ductile
manner in tenaile tests with voids forming et coerse particles in the
watrix. In slloy 2 these voida grev in directions 45° to the tsasile
exis, and catastrophic failure occurred leaving 45° shear frecture
surfeces. In elloy &, the higher volume frection of dispersoide
suppressed the 45° propagetion, and the stress incressed until voide
forwed et the dispersoids. Pellure then occurred by the coalescence of
these saall voids.

Prince (1977) took a slightly different viev. fe felt thet ell
three slloys feiled in e predouinantly intergrenslar msaner. Re found
that voids did open up at coarse particles shead of e crsck tip, but
these vere on or very near grain bounderies end thus creck propegation
occurred elong the grein bouandery. Prince messured the size of crsck
tip plestic sones ofter creck propegetion, ueing selected srea
chennelling patterns. The reeults showed that {ncreeaing voluse
frections of dispersolds increesed the propegsted creck plesstic esone
size end also (increeeced toughness. Prince proposed s wodel for
frecture bssed on a critical local strein that muet be echisved st the

head of e solip band to ceuss an increment of creck propegation.

St




According to the Prince model (reviewed in Sect. 1.35.2) dispersoids
howogenize the slip distribution so that s higher macroscopic strain
st be aspplied to sc ve a givea local strain. Lohne sad Keess
(1979) agree vith some sspects of this wodel, e.g. frascture {anitf{ation
due to & critical strain in the PFZ. However, they feel that grain
size is the dominant factor and that the effect of dispersoids is
primarily to produce fimer grains.

Ldwards (1981) examined fatigue 1ife and fatigue crack
propagation rastes of these alloys. The fastigue life was found to
incresse vith the volume fraction of dispersoid. Also, f(stigue c¢rsck
grovth rate decreased ss the volume frsction of dispersold increased
for lov and interwediste values ot AK, the cyclic stress (Inteaeity
factor. Hovever, at high 4K and high smounts of dispersoid, void
formstion st coarse particles tended to outveigh the beneficlsl effect
of dispersoids. The intergranulsr fracture mode wvas dependent on the
aezimun streas intensity in the fatigue cycle with the microsechaniens
identified as wsicrovoid coslescence aslong the grain boundary PFI.
Cdvards extended 2 semi-cohesive gzone model originally used by Hbo‘y
sed Cerberich (1980) to explain the afcromechanises of fatigue crsck
propagstion. The Rdvards wmode]l predicts that fatigue crsck growth
rates at intermediate 4K are controlled by K .. The correspondtag
lovering of fatiguwe crack growth rtstes by dispersoides reflects a
decrease in the degree of intergranular fracture due to homsngenization

of slip by the dispersoid perticles.




1.6.) Object of the Present Work

The overall objective of this investigation is to elucidste the
role of microstructure on fracture toughness sad the asicroeechanisme
of crack extengion {(n Al-Mg-S{ alloys. The specific aim {8 to
determine the effect of varying the volume fraction of Mn-bearing
dispersoids on ductile fracture toughness criteris, response to
triaxial stress states and crack tip plastic zone sizes up to the
instant of creck extension. Ultimately, the aim is to incorporate the
effects of these variadles on the crack extension sechanises into a

nodel which explaing tne rtole of dispersoids {n determining the

fracture toughness of these alloys.




Figure 1.1

Coordinate systea for equilibrium and compatibilicy

equations.

Figure | 1

Modes of crack loading.
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Mode T crack under biaxial stress.

F:!E‘ ve 1.4

Pirsr estimate of crack tip plastic zone sise.

Figure 1.5

Second estimate of crack tip plastic zone size.
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Pl!grc 1.6

Dugdale model for crack tip plastic zome size.

Figure 1.7

Relationship betveen plane stress snd plane strain plastic

zones using von Mises yleld criterion (after Broek, 1978).

i re 1.8

Effect of specimen thickness on plastfc zone shape.
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PM. 1.9

Graphical representation of the energy criterioa.

Tigure 1.10 {
Varistion of toughness with epecimen thickness. ‘







Figure 1.11

Definition of J-integral.

strain energy density < ’c de

traction vector perpendicular to the line
displacesent in the X directton

sn element of the line

the closed contour followed counterclockwise

Schematic of J veraus As resistance line.
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Figure 1.1}

Some types of microstructure of metallic materials (after

Schwalbe, 1977).

a) Single oshase, polycrystelline material.

») Two phase materisl, 8 in a.

c) Tvo phase material, 8 in a with aspproxisstely
equal volume content.

d) Secaond phase particles slong the grain boundaries
of the first phase.

e) Continuoue network of the second phase slong the

grain houadaries of the firet phese.
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Figure 1.14

Crack propagation mechanisas (after Schwalbe, 1977).

Cleavage crack propagation.

Dieple fracture due to coarse particles.

Dimple fracture due to fine particles.

Dimple fracture due to coarse and fine particles.
Intergranular ecrack propagation due to grain
boundary precipitates.

Intecgranular crack propagation due to & hard
phase grains boundary f{im.

Intergranular crack propagation due to a soft
grain boundary file.

Crack propagation by slip plane/slip plane
interaction.

Crack propagation by selip plane/grain boundary
intersction.

Crack propagation solely by plastic blunting.
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Pigure 1.15

Ductile crack propagation by dimple formation (alte:
Schwalde, 1977).

Figute 1.16

Fracture toughness of some aluainium slloys versus volume

fraction of fnclusions (after Schwalbe, 1977).
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Pigure 1.17

Geometric possibilities for plastic deformation in one slip

aystes. A = gpacing betveen »lip steps; H = height of slip

ateps; o = angle between slip plane and crystal surface; B =
thickness of a slip band (after Hormbogen and Zum Gehr,

1975).

'M' 1.18

Effect of thickness on K, ¢ overaged 7000 series alloys

withk various grain sizes (after Thompson and Zinkham, 1975).
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Figuce 1.19

Schesatic of varistion iam crack tip stresses with position

(afrer Boyd, 1972).

) %yy 3

») L.

) oy,

4) 9., versus thickness for thin sand thick plate.






Tiguce 1.20

Prince w@ndel for the verletion of mmcroscopic end locsl
strein as o function of Aletence aheed of & crack tip foc
(a) sa oslloy containing few disperseids and (D) ea alloy
contoining many dispersoide. Beth slloys schisve the seme
asnisus locel otrain at the creck tip dut vith different

degre » of wacroscopic sotrein (from Prince snd Martin,

1979).

l!c 1.1

True streain on the line shead of & blunting creck tip ae o
fenction of distence X of o asteriel polat fres the tip
before deformstion divided by the crach opuning displecement
¢ (from Rice snd Johneoa, 1970).
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MATERSALS AND EXPERIMENTAL PROCEDURES

2.1 m.rul!

Materisles end their compesitional emalyeies were supplied by
Messrs. Alcen Intarnational Ltd; compoeitions ere given in Teble 2.1.
The slloys sre based on the commercial slley Al-G.6TMg-1.0881-0.63n.
Alloy T, o high purity ternary elley, hes asgnesiuve end silfcon
contents wvhich ore the seme e the commercial slloy. The slloys M., MM
end Wi ere all gquaternary elloye coataining lov (0.2wel), wediva
(0.0wt2) ond high (0.Cutf) msagsness reepectively. Siace the primsry
objective depends wpoa o detersination of the effects of <diopersold
without the potentisliy obscuring eoffecte of coarce comstituent
particles, oll three of these olleys ware wmde from a super-pure
sluainiua bese ia order to mminteain very lov iree conteate (less thea
U.0lut%). This low iron content wes obteined in M end I, W’ the
iron content fm AN wes slighely Nigher then deoired (0.06mZ). To
silow comparison of resultes with s commercial parity alley, alley X
with 0.27wtZPe wee slo~ woed.

2.1.0 Cestiag

As Teble 2.1 tfudicetes, slloys MT, KL ond W werve snde i twe
esets. In the bockmould cast, the asitea slloye were chill cast imte

copper wmoulde eppronimetely 2%am (1°) chick. Ia che direct ehill

1)
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method, the alloys were sesi-coantinuovely ceet into e wster cooled
mould whose bottom s connected to s hydrsulic rem. As the metal
solidiffles, the rea withdrewa it from the wsould so that the
solidificetion rate can be controlied by the flov rate of the cooling
vatar and the speed of the rea. The casting ves then scelped to remove
the asurface fleyera sad to obdtain the desired thickmnesa prior te

thermosechenical trestment.

2.1.2 Thersomechenical Trestment

With the enception of aliloy WY, vhich wiil{ bde dfscuvesed
separetely, all the slloys were homogenized st 330°C for 16 hours. The
elloys were then rolied ot 330°C to an intermediste thickness, sllowed
to conl te room iespereture and then cold rolled te final thickaess.
Twve finsl thichnesses wire required: 1Pam for tenelle teat specimens
ond 1dam for frecturs toughness aspecimens. Three thicknesses ere
therefore given ln Table 2.1: oscelped thickness, thickness slter hot
rolling and flaal cold rolled thickness. After wmachining te the
required opecimen form, the slleys were then glvea & solution and
recrystelitastion trestmeet of 30 afnutes st 360°C ln a moiten salt
bath, queached ln water, held st reoa tempersture for 3 efnutes eond
thea aged in oflicone ofl ot 183°C te peak hardness. Siungle ospecimen
ageiag curves were developed to deterwine time te peak heardaeces; th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>